A polymerized ionic liquid diblock copolymer (PILBCP-TFSI), poly(MMA-b-MUBIm-TFSI), consisting of an ionic liquid monomer, (1-[(2-methacryloyloxy)undecyl]-3-butylimidazolium bis(trifluoromethane)sulfonamide) (MUBIm-TFSI), and a non-ionic monomer, methyl methacrylate (MMA), was synthesized via reverse addition fragmentation chain transfer polymerization followed by anion exchange metathesis. Free standing, mechanically stable transparent solid polymer films were produced with PILBCP-TFSI containing 1 M lithium bis(trifluoromethane)sulfonamide in 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (Li-TFSI/EMIm-TFSI). The resulting PILBCP-TFSI þ Li-TFSI/EMIm-TFSI films possessed ion conductivities from 1 to 10 mS cm À1 from 25 C to 105 C. Solid-state lithium-ion coin cell batteries were assembled and tested at room temperature with PILBCP-TFSI þ Li-TFSI/EMIm-TFSI films as the solid-state electrolyte and separator and resulted in a maximum discharge capacity of 112 mAh g À1 at 0.1 C with a Coulombic efficiency greater than 94% over 100 cycles. For the first time, these results demonstrate the feasibility of PIL block copolymers as solid-state electrolytes and separators in lithiumion batteries.
Introduction
Recently, solid polymer electrolytes (SPEs) have been explored as solid-state ion conducting electrolytes and separators in lithiumion batteries due to their improved flammability safety compared to traditional liquid electrolytes [1e3] . Other advantages include suppression of dendrite growth, better shape flexibility, and improved electrochemical stability when compared to typical liquid electrolytes [4] . One primary drawback to SPEs is the relatively low ionic conductivity, specifically at room temperature, where traditionally the ionic conductivity must be on the order of 1 mS cm À1 or higher for practical battery applications [5] . Many
SPEs currently fail to meet this conductivity criterion, which prevents their commercialization. The ideal SPE for an all solid-state battery would have the high room temperature ionic conductivity of a liquid (for high overall storage capacity, energy and power), the mechanical properties of a solid (for improved stability and cyclability), and the formability of a thermoplastic (for good processability and flexibility). Polymerized ionic liquids (PILs), a new class of polymer electrolyte (a polymeric form of ionic liquids (ILs)), have recently been explored as SPEs for electrolytes and separators in solid-state lithium-ion batteries [6, 7] . PILs possess unique properties, such as high solid-state ionic conductivity, high chemical, electrochemical, and thermal stability, and a widely tunable chemical platform, where significant changes in physical properties have been observed with subtle changes in chemistry [8e10] . PILs and their corresponding ILs have strong affinity for one another, compared to other polymers, which allows for complete compatibility or miscibility [11] . The use of ILs within PIL-based SPEs is known to be stable, which minimizes phase separation and IL leakage. The use of ILs as electrolytes in lithium-ion batteries has been well documented in the literature, where the benefits over traditional liquid electrolytes include non-flammability and non-volatility, as well as having similar properties as PILs as described above [12e14] . One should note that in many of these previous reports for lithium-ion battery applications, a source of lithium ions is typically a lithium salt (e.g., lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI)) dissolved in an IL [6] .
To date, there are only a few reports of PILs as solid-state electrolytes and separators in batteries, where the PIL SPE typically consists of a mixture of lithium salt and IL imbibed in the film [6,15e19] . Most of these studies have examined PIL homopolymers, where an IL monomer is polymerized using free-radical polymerization to produce a PIL as the SPE. Appetecchi et al. [17] synthesized a poly (diallyldimethylammonium) bis(trifluoromethanesulfonyl) imide PIL and incorporated the PYR 14 -TFSI IL with Li-TFSI salt within the SPE. The PIL with 60 wt% IL/salt had a conductivity of 0.5 mS cm À1 at 40 C and a Li/LiFePO 4 solid-state battery capacity of 82.3% of the theoretical capacity at 40 C. Sato et al. [18] synthesized an ammonium-based PIL, poly(N,N-diethyl-N-(2-methacryloylethyl)-N-methylammonium bis(trifluoromethylsulfonyl)imide) (poly(-DEMM-TFSI)), and added a mixture of DEME-TFSI/Li-TFSI and achieved a discharge capacity of 97.7% of the theoretical capacity and a 97% Coulombic efficiency at 40 C with this PIL þ IL/salt as the electrolyte and separator in a battery using Li 4 Ti 5 O 12 and LiMn 2 O 4 as the anode and cathode, respectively. However, the use of homopolymers can lead to battery failure over time due to the low mechanical properties of some homopolymers. Li et al. [15] copolymerized a guanidinium-based IL monomer with methyl acrylate to form a random copolymer. This PIL random copolymer acted as a host for a guanidinium-based IL, Li-TFSI salt, and nano-sized SiO 2 and was incorporated as the solid-state electrolyte and separator in Li/LiFePO 4 batteries. This SPE had a relatively low ionic conductivity of 0.117 mS cm À1 even at a high temperature of 80 C. Therefore, batteries tests were conducted at this high temperature of 80 C with a discharge capacity of 93% of the theoretical capacity and capacity fade of 0.27 mAh g À1 per cycle.
The use of block copolymers, instead of random copolymers, can assist in improving properties and can potentially provide the desired orthogonal properties of high ion conduction and high mechanical strength in the solid-state and have been explored for battery applications [20e24] . One recent example includes work by Bouchet et al. [25] in which they synthesized a single-ion conductor triblock copolymer with a conductivity of 0.013 mS cm À1 at 60 C and a discharge capacity of >88% of the theoretical capacity at 60 C with lithium metal anodes and LiFePO 4 cathodes. PIL block copolymers (PILBCPs) are a new distinct class of block copolymer that combines the properties of PILs and block copolymers, where the latter is known to self-assemble into a variety of different nanostructures (e.g., body centered cubic spheres, hexagonal packed cylinders, and lamellae) [11] . A recent report has shown that when PILs self-assemble into continuous ion-rich microdomains within block copolymer morphologies, accelerated ion transport within these continuous nanostructured ion-channels can occur [9] . Ye et al. [10] compared a single-ion conductor PIL block copolymer to its analogous PIL random copolymer at the same PIL composition and showed that the ionic conductivity of the block copolymer was 2 orders of magnitude higher than the random copolymer, which was due to the microphase separated morphology in the block copolymer. Although there are now a number of recent studies on the conductivity and morphology of PILBCPs [11,26e31] , there are few that examine the conductivity of lithium ions in PILBCPs. Recent work by Wang et al. [7] reports on the ionic conductivity (0.47 mS cm À1 at 100 C) and electrochemical stability of (4.2 V versus Li/Li þ ) of a PILBCP with additional PIL (50.7 mol%) and Li-TFSI (5 wt%). However, they did not report on battery performance for this PILBCP. To date, there are no reports of a PILBCP as the electrolyte and separator in a lithium-ion battery.
In this work, a PIL diblock copolymer, poly(MMA-b-MUBIm-Br) (denoted as PILBCP-Br), was synthesized via the reverse addition fragmentation chain transfer (RAFT) polymerization technique at a single composition (20.0 mol% PIL) and then was subsequently ion exchanged to the bis(trifluoromethane)sulfonamide (TFSI) form, poly(MMA-b-MUBIm-TFSI) (denoted as PILBCP-TFSI). PILBCP-TFSI was then imbibed with a 1.0 M solution of LiTFSI in EMIm-TFSI (denoted as Li-TFSI/EMIm-TFSI) to produce the lithiumconducting PILBCP SPE (denoted as PILBCP-TFSI þ LiTFSI/EMIm-TFSI). The glass transition temperatures, thermal degradation temperature, and ionic conductivity of the new PILBCP-TFSI and PILBCP-TFSI þ LiTFSI/EMIm-TFSI SPEs were measured. The morphology was invested using small angle X-ray scattering (SAXS) and transmission electron microscopy (TEM). The electrochemical stability and lithium-ion battery performance of PILBCP-TFSI þ LiTFSI/EMIm-TFSI as the solid-state electrolyte and separator were investigated. To our knowledge, this is the first report of lithium-ion battery performance of a PIL block copolymer.
Experimental

Materials
Acetonitrile (anhydrous, 99.8%), bis(trifluoromethane)sulfonamide lithium salt (Li-TFSI, 99.95%), 1-methyl-2-pyrrolidinone (NMP; anhydrous, 99.5%), platinum foil (Pt; 0.125e0.135 mm, 99.99%), and silver foil (Ag; 0.5 mm, 99.99%) were used as received from Sigma-Aldrich. 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIm-TFSI, >99%) was used as received from Iolitec. Lithium titanate (Li 4 Ti 5 O 12 ; >98%), conductive graphite (!99.98%), polyvinylidene fluoride (PVDF; !99.5%), and lithium cobalt oxide (LiCoO 2 ) pre-coated Al current collector (single sided) were used after drying at 100 C under vacuum for 12 h from MTI Corporation. CR2032 Coin Cell Cases (20 mm D Â 3.2 mm T) with O-rings for battery research, stainless steel spacer for CR2032 Cell (15.5 mm D Â 0.5 mm T), stainless steel wave spring for CR2032 Case were used as received from MTI Corporation. Ultrapure deionized (DI) water with resistivity z 16 MU cm was used as appropriate. The polymerized ionic liquid (PIL) diblock copolymer, PILBCP-TFSI, was synthesized by anion exchange from its precursor form, PILBCP-Br, which was prepared according to literature and is described below [32, 33] .
Synthesis of PIL diblock copolymer: PILBCP-TFSI
Imidazolium-based PIL diblock copolymer, poly(methyl methacrylate-block-1-[(2-methacryloyloxy)undecyl]-3-bromide (referred to as PILBCP-Br), was used as the precursor polymer in this study (left structure in Scheme 1) and was synthesized previously from an ionic liquid monomer, 1-[(2-methacryloyloxy) undecyl]-3-butylimidazolium bromide (MUBIm-Br), and a nonionic monomer, methyl methacrylate (MMA), via the reverse addition fragmentation chain transfer (RAFT) polymerization technique [32, 33] . Herein, this PIL block copolymer is reported at a single PIL composition of 20.0 mol%, in which its synthesis and characterization were previously described in detail in literature [33] . The bis(trifluoromethylsulfonyl)imide (TFSI e )-exchanged PIL diblock copolymer, PILBCP-TFSI (M n ¼ 40.6 kg/mol), used in this study, was prepared via ion exchange metathesis of the precursor PIL diblock copolymers, PILBCP-Br, as shown in Scheme 1. This exchange was performed in the solid state (films; see section below for details on film casting procedure). Scheme 1 provides details of the ion exchange metathesis, where films were placed in a wellmixed 0.1 M Li-TFSI aqueous solution for 12 h. The Li-TFSI solution was replaced with a freshly prepared solution every 4 h and repeated 3 times. The TFSI e -exchanged films were then soaked in fresh DI water for 30 min and repeated 3 times to remove excess 
Solvent casting of PIL block copolymer films
Films of the precursor PIL block copolymer, PILBCP-Br, were fabricated by first dissolving the polymer in anhydrous acetonitrile (4 wt% w/w) and subsequently casting onto Teflon substrates (ca. 18 mm (D) Â 0.525 (T)) for lithium-ion battery experiments and Teflon substrates (ca. 35 mm (L) Â 4 mm (W) Â 0.525 mm (T)) for thermal experiments. Polymer solutions were partially covered and allowed to evaporate under ambient conditions for 24 h. The polymer films were subsequently annealed under vacuum at 150 C for 72 h. These annealed films were anion exchanged to the TFSI e form, PILBCP-TFSI, according to the procedure described above. The film thicknesses, ranging from 35 to 100 mm, were measured with a Mitutoyo digital micrometer (±0.001 mm accuracy). PIL block copolymer film appears translucent in Fig. 1a due to the surface effects of casting on milled Teflon substrates. No large-scale phase separation was observed with optical microscopy. Clear films were produce when cast on glass slides, but Teflon substrates were used for easy removal to produce free-standing films.
Preparation of PILBCP-TFSI þ Li-TFSI/EMIm-TFSI solid-state films
The dried films of PILBCP-TFSI were then immersed in a 1.0 M Li-TFSI in EMIm-TFSI (Li-TFSI/EMIm-TFSI) solution for 12 h at room temperature (see Scheme 1 (2)). The resulting film, PILBCP-TFSI þ Li-TFSI/EMIm-TFSI, was removed from the Li-TFSI/EMIm-TFSI solution and excess Li-TFSI/EMIm-TFSI was removed from the surface using a lint-free cloth. Films were then dried under vacuum at room temperature for 24 h before use. The final film contained on average 67 ± 5 wt% Li-TFSI/EMIm-TFSI and is shown in Fig. 1b. Fig. 2 . Cells were pressed twice using an electric coin cell crimping machine (MTI Corp., MSK-160D) under argon environment at room temperature to ensure a proper seal was established.
Preparation of lithium-ion batteries with PILBCP-TFSI
Additional Li-TFSI/EMIm-TFSI (~5 mL) was added to each electrode during assembly to ensure there was a sufficient amount dispersed throughout the electrodes and in the cell. Assembled cells were held at open circuit voltage (OCV) for 12 h prior to testing to ensure even distribution of Li-TFSI/EMIm-TFSI throughout the electrodes.
Characterization
Polymer films were characterized using an FTIR-ATR spectrometer (Nicolet 6700 Series, Thermo Electron Corporation) with spectra collected using the single reflection diamond ATR Golden Gate™ accessory. All infrared spectra were collected using a liquid nitrogen-cooled mercury-cadmium-telluride detector at 32 scans per spectrum and a resolution of 4 and data spacing less than 2 cm
À1
. All spectra were corrected with a background subtraction of the ATR crystal spectrum. Glass transition temperatures (T g s) were determined by differential scanning calorimetry (DSC; TA instruments Q200) over a temperature range of À115 to 150 C at a heating/cooling rate of 10 C/min under a N 2 environment using a heat/cool/heat method. T g was determined using the midpoint method from the second thermogram heating cycle. Thermal degradation temperatures (T d s) were measured by thermal gravimetric analysis (TGA; TA Instruments, Q50) over a temperature range of 30e500 C at a heating rate of 10 C/min under argon environment. T d was determined at 5 wt% mass loss in the thermogram. Elemental analysis was performed by Atlantic Microlab, Inc., Norcross, GA.
The ionic conductivities and linear voltammetry of the polymer films were measured in an argon-purged glovebox (MBraun) with custom-made cells using a using a potentiostat/galvanostat/FRA (Princeton Applied Research, Parstat 2273; POWERSUITE software). In-plane conductivity was measured using a four-parallel-electrode method with two outer working electrodes and two inner sensing electrodes placed on the same side of the sample, where an alternating current was applied to the outer electrodes and the real impedance or resistance, R, was measured between the two inner electrodes [34] . The alternating current impedance was collected from 0.1 Hz to 1 MHz at 500 mV. The resistance was determined from the high x-intercept of the semi-circle regression of the Nyquist plot. Conductivity was calculated by using the following equation: s ¼ L/AR, where L is the distance between two inner electrodes and A is the cross-sectional area of the polymer film or electrolyte (A ¼ Wl; W is the width and l is the thickness). Temperature-dependent ionic conductivity was measured with the use of a Mettler Toledo hot stage with a temperature accuracy of less than 0.1 C. In the linear voltammetry scan, Ag foil was used as the reference and counter electrodes, and Pt foil was used as the working electrode. The voltage was scanned from À2.4e3.3 V vs. Ag þ /Ag with a scan rate of 5 mV s
. The Ag pseudo-reference electrode in EMIm-TFSI has been previously calibrated to þ3.2 V Li þ /Li with a butyl-ferrocene/ferricinium redox couple [35] . Therefore, the same value (þ3.2 V Li þ /Li) was used to reference Ag to Li þ /Li in this work. Cycling tests on Li 4 Ti 5 O 12 /LiCoO 2 coin cell polymer batteries were performed at room temperature using a MACCOR S4000 battery tester. The discharge and charge rates were fixed at a C/10 (0.014 mA cm À2 ) current rate. The charge and discharge voltage cut-offs were fixed at 2.5 V and 2.0 V, respectively. Small-angle X-ray scattering (SAXS) data was collected at the U.S. Army Research Laboratory using a 2-D multi-wire area detector (Molecular Metrology) and a 3 m, pinhole-collimated camera. Photons, with a wavelength of 1.54 Å, were generated, using an Ultrax18 rotating copper anode X-ray generator (Rigaku Americas, Inc.), operated at 4.5 kW and equipped with a Ni filter. 2-D data were collected at sample-to-detector distances of 1.5 and 0.5 m, and then azimuthally averaged to yield intensity, I(q), as a function of scattering vector magnitude, q, where q ¼ 4p sin(q)/l, 2q is the scattering angle, and l is wavelength. Distance calibrations were performed using silver behenate [36] . The data were corrected for background noise and scaled to absolute intensity using glassy carbon, previously calibrated at the Advanced Photon Source, Argonne National Laboratory, as a secondary standard [37] . All data manipulation and analysis were performed using Igor Pro (Wavemetrics, Inc.) [38] . Samples were prepared for transmission electron microscopy (TEM) by ultracryomicrotomy (Leica UCT) equipped with a cryogenic cooling stage. Samples were cut in sections of approximately 90 nm thick using a Microstar diamond knife and were cooled to À10 C prior to sectioning. A JEOL JEM-2100F TEM and a Gatan 806 high-angle annular dark field scanning TEM (HAADF STEM) detector were used to collect dark field data. The TEM was operated at 200 keV, with a 40 mm condenser aperture, a HAADF STEM collection angle of 48e168 mrad, and spot size of 0.2 nm. A Gatan Digital Micrograph was used to collect and analyze the data. In dark field images, high Z regions appear bright and low Z regions appear dark.
Results and discussion
Chemical and thermal properties
The synthesis of the PIL block copolymer, PILBCP-TFSI, as shown in Scheme 1, was achieved via anion exchange metathesis, which converts the polymer to bis(trifluoromethane)sulfonamide (TFSI) form. Previously, PILs that are exchanged with TFSI anions exhibit high hydrophobicity and high ionic conductivity (due to low glass transition temperatures), which are both important for lithium-ion battery applications [39] . Elemental analysis results quantitatively confirm a complete anion exchange of the polymer from Br to TFSI form, where no measureable bromide was present in the PILBCP-TFSI sample. FTIR-ATR spectra also confirm anion exchange (shown in Fig. 3 ). The anion exchange reaction was confirmed by the observance of three additional characteristic infrared bands at 1350 1134, and 1055 cm À1 , which were due to the contributions of the TFSI À anion and are consistent with literature [40, 41] . The bands at 1350 and 1134 cm À1 correspond to the SO 2 antisymmetric and symmetric stretching, respectively, and the band at 1055 cm
À1
corresponds to a S-N-S antisymmetric stretching, C-C stretching, and NCH 3 twisting. Note that at ambient conditions, there appears to be a small amount of water in the precursor polymer, PILBCP-Br, as evidenced by that O-H stretching band at 3407 cm
. This was expected due to the hydroscopic nature of PILs exchanged with halide counter anions. After anion exchange to the TFSI form, the FTIR-ATR spectra of PILBCP-TFSI shows no noticeable bands that are associated with water suggesting that there is a negligible amount of water in the sample. to the PILBCP-TFSI solid-state electrolyte can lower the glass transition temperature of the film or act as a plasticizer, thereby improving the ionic conductivity, while also providing a source of Li þ ions that are required for Li þ -ion batteries. The addition of the Li-TFSI/EMIm-TFSI and its concentration were chosen based on promising room temperature conductivity and Li þ -ion battery performance shown by Garcia and coworkers [35] . The resulting films of PILBCP-TFSI þ Li-TFSI/EMIm-TFSI, used as solid-state electrolytes and separators in Li þ -ion coin cells in this study, contained on average 67 ± 5 wt% of Li-TFSI/EMIm-TFSI imbibed within the PILBCP-TFSI film. Fig. 4a shows the glass transition temperatures (T g s) measured by DSC of the PILBCP-TFSI films with and without Li-TFSI/EMIm-TFSI. Only one distinct T g was observed for PILBCP-TFSI at 29 C and after the addition of Li-TFSI/EMIm-TFSI, this T g is depressed (as predicted) by over 100 C to À84 C, which is close to the pure component T g of EMIm-TFSI (À98 C) [42] . It is interesting to note that in a previous study the precursor PILBCP-Br has two distinct T g s at 23 C and 124 C, where a T g at 23 C corresponds to the pure PIL, poly(MUBIm-Br), and a T g at 124 C corresponds to the pure poly(MMA) [32] . The two T g s suggests strong microphase separation in PILBCP-Br, which was supported by TEM and SAXS results. The lack of two distinct T g s in Fig. 4a for PILBCP-TFSI suggests that the anion exchange metathesis from Br to TFSI may enhance the interaction between the PMMA and PIL blocks [26, 43] . Ye et al. [10] showed that in a similar PILBCP, poly(MMA-b-MEBIm-TFSI), where the alkyl side chain length between the polymeric backbone and the imidazole moiety in the PIL block is shorter (ethyl compared to undecyl in this study), that the block copolymer still exhibited two T g s for the PIL and poly(MMA) blocks, but these T g s deviate from their corresponding homopolymer T g s suggesting that the PIL, poly(MEBIm-TFSI), is partially miscible with poly(MMA), which was supported by TEM and SAXS results in that study. It is unclear why two T g s are not present in the DSC data in this study for PILBCP-TFSI. The DSC data of ion-containing polymers can sometimes be unclear and a more accurate determination of thermal transition temperatures may be observed more clearly by other techniques (e.g., dynamic mechanical analysis) [44] . Fig. 4b shows the thermal stability of the samples characterized by TGA under an argon environment. The thermal decomposition temperatures (T d s) measured at 5 wt% loss for PILBCP-TFSI had a slightly lower T d (319 C) than PILBCP-TFSI þ Li-TFSI/EMIm-TFSI (350 C). Both samples undergo a one-step thermal decomposition where this decomposition is similar to the T d of poly(-vinylimidazole) (335 C) [45] . The slight increase in T d with the addition of Li-TFSI/EMIm-TFSI is due to the additional TFSI anions, which are difficult to thermally decompose due to degradation via sulfur dioxide release instead of dealkylation or proton transfer [46] . Also, no weight loss was observed below 100 C, indicating that these PILBCPs are highly hydrophobic and do not appreciably absorb moisture. Fig. 5 shows the temperature-dependent (25e105 C) ionic conductivity under dry conditions (in argon glove box) for PILBCP-TFSI, PILBCP-TFSI þ Li-TFSI/EMIm-TFSI, and Li-TFSI/EMIm-TFSI. The ionic conductivity of Li-TFSI/EMIm-TFSI is shown as a control reference and has similar values as reported in literature [35] . As at 105 C. The temperature-dependent ionic conductivity in PILBCP-TFSI is dictated by the segmental dynamics of the polymer chains or polymer T g (i.e., Volgel-Fulcher-Tammann (VFT) behavior with temperature). Note the ion conductivity of PILBCP-TFSI is orders of magnitude lower than the IL, e.g., 9.9 mS cm À1 at 25 C for 1-butyl-3-methylimidazolium bis(trifluoromethane)sulfonimide (BMIm-TFSI) [47] . In contrast to the IL, PILBCP-TFSI is a single ion conductor, where the TFSI counter anion is the only mobile ion (the imidazolium cation is covalently attached to the polymer) and the movement of the TFSI anion is restricted by the polymer chain dynamics of PILBCP-TFSI, thereby decreasing the ion conductivity compared to the IL, where both anion and cation are highly mobile.
Ion conductivity
The addition of Li-TFSI/EMIm-TFSI to PILBCP-TFSI increases the conductivity by 3.5 orders of magnitude at room temperature (25 C) and 3 orders of magnitude at a higher temperature (105 C) compared to PILBCP-TFSI. The increased conductivity is due to two main factors: (1) additional free ions (increased mobile ion concentration) and plasticization (depressed T g ; see Fig. 4a ). The ion conductivity of PILBCP-TFSI þ Li-TFSI/EMIm-TFSI increases from values on the order of 1e10 mS cm À1 with increasing temperature from 25 C to 105 C. Interestingly, the conductivity of PILBCP-TFSI þ Li-TFSI/EMIm-TFSI is similar to salt/ionic liquid mixture (Li-TFSI/EMIm-TFSI) with less than half an order of magnitude difference at high temperatures (105 C). It is known that solid-state polymer electrolytes should possess conductivities approaching or beyond 1 mS cm À1 at ambient temperature in order to compete with current lithium-ion batteries with liquid electrolytes [5] . The high conductivity (>1 mS cm À1 ) of the solid-state PILBCP-TFSI þ Li-TFSI/EMIm-TFSI film at room temperature (25 C) is promising for application to lithium-ion batteries.
Morphology
Fig . 6a shows SAXS data for PILBCP-TFSI and PILBCP-TFSI þ Li-TFSI/EMIm-TFSI under vacuum at room temperature. The SAXS profile of PILBCP-TFSI has two well-defined scattering peaks (at q* and 2q*) indicative of microphase separation; the absence of higher order peaks suggests a lack of significant long-range order. A Bragg spacing (d ¼ 2p/q*) of 26.7 nm for PILBCP-TFSI was determined from the SAXS data. The SAXS profile of PILBCP-TFSI þ Li-TFSI/EMIm-TFSI only has a single broad primary scattering peak (q*) indicative of weak microphase separation; the absence of higher order peaks also suggests a lack of long-range order (Bragg spacing of 36.0 nm). The addition of Li-TFSI/EMIm-TFSI to PILBCP-TFSI increases the Bragg spacing by almost 10 nm higher than PILBCP-TFSI and disrupts any possible long-range order and introduces electron density fluctuations over a range of length scales. The weakly microphaseseparated morphology with no long-range order in the PILBCP-TFSI þ Li-TFSI/EMIm-TFSI sample evidenced by SAXS was confirmed with electron microscopy as shown in Fig. 6b . The SAXS and TEM data showing that the samples are a microphase separated in these samples is important since previous results on PIL block copolymers show higher conductivity in samples with microphase separated morphologies compared to samples with the same chemistry without microphase separated morphologies [10] . The relatively high ionic conductivity of PILBCP-TFSI þ Li-TFSI/EMIm-TFSI (>1 mS cm À1 at 25 C) with block copolymer design providing mechanical strong free-standing films (see Fig. 1b ) allows for its use as a solid-state electrolyte and separator in a lithium-ion battery.
Electrochemical stability
The electrochemical stability window was measured by linear voltammetry with a platinum foil working electrode, PILBCP-TFSI þ Li-TFSI/EMIm-TFSI film as the electrolyte and separator, and silver foil counter electrode at a scan rate of 5 mV s À1 (Fig. 7) . The results show that the PILBCP-TFSI þ Li-TFSI/EMIm-TFSI film has a potential stability window of approximately 2.7 V. The cathodic limit of 1.7 V versus Li/Li þ was observed, which does not allow the use of metallic lithium or carbon as the anode material. The cathodic limit may be a result of cation reduction of the three acidic protons on the imidazolium ring, especially the proton on the C2 position of the imidazolium ring, which has been previously reported, but not confirmed in this study [48] . It is important to note that the cathodic limit of 1.7 V for the PILBCP-TFSI þ Li-TFSI/EMIm-TFSI film is higher than the cathodic limit of 1.0 V in pure EMIm-TFSI liquid [35] . The addition of polymeric ionic liquid with covalently attached imidazolium and lithium salt appears to improve the electrochemical stability of the ionic liquid alone (i.e., a smaller fraction of freely diffusing imidazolium cations). Fig. 7 shows that the anodic decomposition begins at 4.4 V versus Li/Li þ and gradually increases to 6.2 V versus Li/Li þ , where the total oxidation of the anion (TFSI) may occur. Similar trends have been observed for TFSI containing PILs were the anodic decomposition reaction rate increases with temperature, which decreases the voltage range of the oxidation onset [15] . The electrochemical stability of just the polymer PILBCP-TFSI without Li-TFSI/EMIm-TFSI could not be measured due to the relatively low conductivity even at 90 C (see Fig. 5 ). the first cycle, respectively. During the first 5 cycles, the discharge capacity increased gradually, possibly due to the penetration of Li-TFSI/EMIm-TFSI into the electrodes and the improved contact of the solid-state separator and electrodes [16, 49] . After this initial improvement, the cell delivered a maximum discharge capacity of 112 mAh g
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À1
, approximately 70% of the theoretical capacity of After 100 cycles, the discharge capacity of the battery was approximately 31 mAh g
, which was 27% of the maximum capacity. However, the Coulombic efficiency maintained a value higher than 94% for all 100 cycles.
The relatively poor long term cycling of Li 4 Ti 5 O 12 /PILBCP-TFSI þ Li-TFSI/EMIm-TFSI/LiCoO 2 batteries may be due to the low electrochemical stability of PILBCP-TFSI þ Li-TFSI/EMIm-TFSI solidstate films (see Fig. 7 ). Even though a relatively small voltage range was selected (3.5 Ve4.0 V versus Li/Li þ or 2.0e2.5 V in a Li 4 Ti 5 O 12 / LiCoO 2 cell), electrochemical degradation may slowly decompose the film performance over time. The electrochemical degradation can be amplified in the coin cell due to the increased current compared to the electrochemical stability experiments. Choosing a different electrolyte and separator with a greater voltage stability window than EMIm-TFSI or a different PIL block may alleviate some of these stability issues.
Conclusion
A new PIL diblock copolymer, PILBCP-TFSI, was synthesized via reverse addition fragmentation chain transfer polymerization followed by anion exchange metathesis. Robust free-standing solid polymer films were produced with Li-TFSI/EMIm-TFSI imbibed within the films to both plasticize to improve ion conductivity and as a source of lithium ions. The resulting high ionic conductivity (>1 mS cm
À1
) at room temperature (25 C) for the PILBCP-TFSI þ Li-TFSI/EMIm-TFSI films allow for its use as a solid-state electrolyte and separator in lithium ion batteries. The electrochemical stability of PILBCP-TFSI þ Li-TFSI/EMIm-TFSI was determined to have a potential window of 2.7 V with a cathodic limit of 1.7 V versus Li/Li However, to the authors' knowledge, this is the first report of a PILBCP used as solid-state electrolyte and separator in a lithium ion battery with performance data, and therefore this report shows the feasibility and functionality of PILBCPs as solid-state electrolytes and separators in lithium-ion batteries at room temperature. Thus, with the further improvement of the electrochemical stability of PILBCPs, there is a promising outlook for their use as solid-state electrolytes and separators in lithium-ion batteries.
